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Abstract It is estimated that ~ 60% of all stars (including brown dwarfs) have masses below 0.2 M©. 
Currently, there is no consensus on how these objects form. I will briefly review the four main theo- 
ries for the formation of low-mass objects: turbulent fragmentation, ejection of protostellar embryos, 
disc fragmentation, and photo-erosion of prestellar cores. I will focus on the disc fragmentation theory 
and discuss how it addresses critical observational constraints, i.e. the low-mass initial mass function, 
the brown dwarf desert, and the binary statistics of low-mass stars and brown dwarfs. I will examine 
whether observations may be used to distinguish between different formation mechanisms, and give a 
few examples of systems that strongly favour a specific formation scenario. Finally, I will argue that it 
is likely that all mechanisms may play a role in low-mass star and brown dwarf formation. 



1 Introduction 

Star formation is a process that produces objects with a wide range of masses: from a few Jupiter masses 
up to a few hundred solar masses. The initial mass function (IMF), i.e. the distribution of stellar masses 
at birth, is relatively well constrain down to ~ 20 — 30 Mj, but it is uncertain at lower masses d ue to the 



diffic ulty in observing low-mass objec ts. The IMF can be ap proximated either by power laws (IKroupa , 



200 11) or by a log-normal distribution dChabrierlEooll 2005). Most stars in the Galaxy have low-mass; 



more than ^ 60% of all st ars (including brown dwarfs) have masses below 0.2 M Q (e.g. using the 



Kroupa IMF; lKroupall2001h . 

The low-mass end of the IMF is populated by three types of objects: low-mass hydrogen-burning 
stars, brown dwarfs, and planets. The distinction between these types of objects is done solely on their 
masses: stars can sustain H-burning (m > 80 Mj), brown dwarfs cannot sustain H-burning but they can 
burn deuterium (13 Mj < m < 80 Mj), and planets (m < 13 Mj) cannot sustain deuterium burning. How- 
ever, it is possible that all these type of objects may form similarly, i.e. by gravitational fragmentation of 
gas. Indeed there is no theoretical reason for fragmentation to stop functioning at the H-burning or the 
D-b urning limit. The theoretical minim um mass for gas fragmentation is the opacity limit at ~ 1 — 5 Mj 



(e.g. IWhitworth & StamatellosL 120061) . 



Brown dwarf and low-mass star formation requires high densities. The critical mass that a lump of 
gas needs to have in order to collapse is 



AfjEANS = — — (1) 

24 (G 3 p) 1/2 

where c s is the sound speed, and p is the density of the lump. Thus, assuming that this lump will form 
a brown dwarf then Mjeans < 80 Mj, from which we obtain that p > 10~ 16 g cm~ 3 , and R ~ 500 AU. 
Brown dwarf formation theories attempt to either explain how these high densities are attained (e.g. in 
converging turbulent flows or discs) or they circumvent this requirement by forming brown dwarfs as 
failed stars (e.g. by ejection or photo-evaporation). 
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2 Turbulent fragmentation of molecular clouds 
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In the turbulent fragmentation model the high densities that are require d for the formation of low - 
mass stars and brown dwarfs are ac hieved in converging turbulent flows IPadoan & Nordlundl (12004): 



Hennebelle & Chabrier (2008, 2009) 



The theory reproduces the IMF and predicts that it depends on various parameters, such as the global 
Mach number and the thermodynamics of gas. However, the dependance is rather small for Galactic 
environm ents and only at very low-masses, for which current observations are incomplete (e.g. see 
review by iBastian et all uOlOb . Nevertheless, the theory can in principle be tested by observations in 
extreme environments and with more sensitive observations of the low-mass end of the IMF. 

Turbulent fragmentation has difficulty in explaining the formation of low-mass binaries. Random 
pairing of stars wi th masses drawn randomly from the IMF does not seem to reproduce the properties of 
low-mass binaries Reggiani & Mevei ( 201 lb . Furthermore, the theory predicts the existence of gravita- 
tionally bound brown dwarf-mass cores, which have not been observed in the large number s that are ex- 



pected . However, there are examples of such cores, e.g. the pre-brown dwarf core Oph B-l 1 lAndre et al 
d2012h . 



3 Ejection of protostellar embryos 



In this theory the collapse of a prestellar core results in the formation of a few (> 3) objects. Inevitably, 
as these objects dynamically interact with each other, the lowest mass object(s) will be ejected from the 
system. The mass growth of the ejected objects stops as soon as they leave their parent core; therefore if 
these ejection(s) ha ppens early on, then the mass of an ejected object would be low, ev en in the brown 
dwarf-mass regime (Reipurth & Clarkel (12001 1) ; iBate et ali d2002l) ; iGoodwin et"aD d2004 . 

Initially it was thought that these ejections mean that the velocity dispersion of brown dwarfs seen in 
clusters should be higher than the velocity dispe rsion of stars; how ever, later it was shown that both pop- 



ulations have similar velocity dispersions (e.g. IBate et al.L 120031) as low-mass stars are also frequently 



ejected in these type of dynamical interactions. It was als o argued tha t ejections should be rather disrup- 
tive for discs around brown dwarfs, but simulations (e.g. iBatd . 120121) show that brown dwarf discs may 
survive ejections. 



4 Disc fragmentation 



Discs form during cloud collapse due to the initial rotation and/or turbulence of prestellar cores and 
conservation of angular momentum. They can grow in mass as they are being fed with material from the 
infalling prestellar cor e and can become gravitationally unstable and fragment to form low-mass stars 
and brown dwarfs (e.g. IStamatellos & Whitworthll2009allAttwood et alll2009h . 



Numerical simulations have shown that most o f the objects form by disc fragmentation are brown 
dwarfs, but low-mass stars are also likely to f orm IStamatellos et alJ (12007b : IStamatellos & Whitworth 



d2009al) . Planetary-mass objects may also form lBolevi d2009l) but they tend to be ejected from the system 
becoming free-flo ating planets, and thus contributing to a possibly large population of such objects 
Sumi et al.l (1201 II) . The IMF of the objects formed by disc fragmentation is consistent with the low- 
mass end of the stellar IMF. The brown dwarfs that form by this mechanism have discs with masses up 
to a few tens of Mj and sizes up to a few tens of AU. The model predicts that brown dwarfs that stay as 
companions to Sun-like stars are mor e likely to have discs than brown d warfs in the field, as discs are 
likely to be disrupted during ejections IStamatellos & Whitworthld2009al) . 

The disc fragmentation model uniquely among other formation mechanisms can explain the brown 
dwarf desert. This terms refers to the lack of brown dwarfs as close compa nions to Sun-like stars 
Marcy & Butler! d2000h : iGrether & Lineweaveil d2006l) : ISahlmann et all d201ll) : on the contrary low- 
mass hydrogen-burning stars and planets are frequently observed as close companions to Sun-like stars. 
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In the disc fragmentation model all objects that form i n the disc start off with a mass of a few Mj and 
they grow in mass as they accrete material from the disc lStamatellos & Whitworthl(12009bl) . The objects 
that form first and migrate inwards gain enough mass to become stars, whereas the ones that stay in the 
outer disc region increase in mass but not as much, becoming brown dwarfs. If one of the brown dwarfs 
from the outer disc region drifts inwards, then it is quickly ejected again into the outer disc region due 
to dynamical interactions with the higher-mass objects of the inner region. Therefore, the region close 
to the c entral star is populated by low-ma ss hydrogen-burning stars, and it is almost devoid of brown 
dwarfs (IStamatellos & Whitworthll2009al) . Moreover, the inner disc region is populated by planets that 
form by core accretion at a later stage (after ~ 1 Myr). Most of the brown dwarfs are either ejected 
from the system becoming field brown dwarfs, or stay bound to the central star at relatively wide or- 
bits (~ 200 — 10 4 AU); such wide - orbit brown dwarfs compa nions to Sun-like stars have been observed 
Fahertv et al.l d2009b : bhital et al.l d2010b ; IZhang et all d2010b . 

The predictions of the disc fragmentation model regarding the properties of low-mass binaries are 
broadly consistent with observations. Close and wide brown dwarf-brown dwarf and brown dwarf- 
low-mass star binaries are common. Binaries form either by capture when two objects are still in 
the disc of the host star, or by p airing up of individual objects are they are ejected from the disc 
(IStamatellos & WhitworthL l2009ah . The low-mass binary fraction predicted by the mo del is ~ 0.16 , 



simila r to the binary fraction in young star forming regions (e.g. in Chamaeleon 0.15-0.20: lAhmic et al 
2007ft . Most of the binaries have c omponents with similar masses (q > 0.7) in accordance with 



observations jB urgasser et al. 1 I2007L note though that this may be due to observational biases, see 



djanson. Hormuth. Bergfors. Brandner. Hippler. Daemgen. Kudrvavtseva. Schmalzl. Schnupp. & Henning 
2012b "). Another interesting observational fact that the model repro duces is that brown dwarfs to Sun-like 



stars a re more likely to be in binaries than brown dwarfs in the field lBurgasser et al.l (12005); F ahertv et al. 
d2010b . 



Can the conditions for disc fragmentation (i.e. disc size, disc mass) be realised in nature? Discs that 
are large enough so that their outer regions can cool fast enough (i.e. discs with ra dii > 70 AU) and 



have en ough mass to be gravitationally unstable at such radii can indeed fragment. IStamatellos et al 
d201 lal) shows that even a 0.25 M©-mass disc with radius of 100 AU around a 0.7 M -star fragments 



Dynamical interac tions in a cluster may also trigger fragmentation of discs with even lower masses 



Thies etal 



_ daoioiL Observat i ons of a small s ample of young protostar s did not reveal any massive 
early stage discs iMaurv et al. I d2010h . However, IStamatellos et al.l (1201 1 ah argue that finding early stage 
fragmenting discs is unlikely due to the short duration of the process (a few 10 3 yr). Therefore a large 
number of young protostars needs to be observed. 

An issue that has been explored recently is whether radiative feedback from the central protosta r 
heats and stabilises the disc suppressing brown dwarf and low-mass star formation lOffner et al.l (12009b : 
Bateld2009all2012t). Most of the radiation than young p rotostars emit is due to accretion of material onto 
their surfaces. lOffner et al.l d2009b : iBatel d2009al 12012k have assumed that the accretion of material onto 
protostars is continuous. However, there is growing evidence that accretion of material may be episodic. 
FU Ori-type stars are objects whose luminosity increases for a few orders of magnitude for a few hun- 
dred years. During these events the accretion rates may be up to 10~ 4 M© yr~ 1 . Additional evidence for 
episodic accretion comes from the luminosity problem: if one assumes a continu ous accretion rate the n 

2010b . 



Dunham et al 



the expected protostar lum ino sities are much larger tha n the observed ones (e.g. 

Stamatellos et al.l (1201 lbl) and IStamatellos et al.l fl20 1 2b have included the effects of episodic accretion 
in hydrodynamic simulations of star formation and have found that episodic accretion limits the effect of 
radiative feedback from the central protostar and allows disc fragmentation. In their model the luminosi- 
ties of young protostars are high only during the episodic accretion events (for a few hundred years), 
but relatively low in-between episodic outbursts (for a few thousand years); there is ample time be- 
tween successive accretion outbursts during which the disc is relatively cool and therefore gravitational 
instabilities can grow and the disc can fragment. 

The presence of magnetic fields is expected to act against the formation of centrifugally supported 
discs because angular momentum is removed by magnetic effects (e.g. magnetic braking, outflows). 
Howe ver, it is uncertain whether ma gnetic fields can totally suppress the formation of self-gravitating 
discs. iHennebelle & Fromangl d2008b find that in the ideal MHD approximation the formation of a disc 
is suppressed if the magnetic field is strong enough and parallel to the rotation axis of the collapsing star- 
forming core. This is supported by ideal MHD simulations that include the effects of radiative transfer 
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dCommercon et aL , 2010l) . The situation changes in resistive MH D calculations. Machida et alj 1 201 1 ) 
& IVorobvovl d201 1|) fin d that disc for mation is possible (se e also Krasnopolskv et all l2010t Li et al. , 
201 ltlDapp et al.Ll2012h . More recently ISeifried et al.l d2012h and ljoos et alj d2012l) find that turbulence 



can offset the effect of magnetic breaking and allow the formation of discs with sizes up to 100 AU. 



5 Photo-erosion of prestellar cores 

In this model a pre s tellar core with mass of a few M fl is overrun by an Hll region and it is photo-eroded 
Hester et al.l d 19961) : I Whitworth & Zinneckerl (120041 ). Therefore, only a fraction of the initial mass of the 
pre-stellar core forms a low-mass star or a brown dwarf. The typical mass of an object produced by this 
mechanism is 




where c s is the sound speed of the neutral gas of the core, is the rate of ionising photons emitted by 
nearby stars, and «o is the density of the Hll region. This mechanism produces brown dwarfs and low- 
mass stars for a wide range of initial conditions, but it is inefficient, i.e. a rather massive pre-stellar core 
is needed for forming a brown dwarf. It can work only in the vicinity of OB stars (e.g. in Trapezium- 
like clusters); therefore, it cannot be the dominant mechanism for the formation of low -mass stars and 
brown dwarfs. 



6 Observational tests to distinguish between different formation mechanisms? 



IMF. The turbulent f ragmentation model reproduces the core mass function and the IMF, assuming a star 
formation effi ciency Hennebelle & Chabrierl(2009 ). Disc fragmenta tion also rep roduces the low-mass 
end of the IMF lStamatellos & Whitworthld2009al) . The simulations o flBate!d2012l) that combine different 
formation mechanisms (turbulent fragmentation, ejection, disc fragmentation) also reproduce the IMF. 
Therefore , it appears that the IMF cannot be used to distinguish between different formation scenarios. 
However. iThies & Kroupal d2007l) argue that when unresolved binaries are taken into account, the IMF 
is discontinuous around the H-burning limit, which suggests that brown dwarfs may form differently 
than Sun-like stars. 

Discs. All formation models produce brown dwarfs and low-mass stars with d iscs. Brown dw a rfs tha t 
form in collapsing pre-brown dwarf cores will almost always form with discs iMachida et al. I d2009l) . 
Brown dwarfs that form in fragmenting discs of Sun-like stars are also likely to form with their own 
discs, but these discs may be partially or totally dis rupted during the liberation/eject ion process, re- 
sulting in a lower fraction of brown dwarfs with discs IStamatellos & Whitworthld2009al) . I n the ejectio n 
scenario it is even more likely for discs to be disrupted during ejection but many still survive lBatd d2012l) . 
Therefore, although different formation mechanisms may result in different disc fractions around brown 
dwarfs, observations of discs (and associated phenomena, i.e. accretion, outflows) around brown dwarfs 
do not favour any given formation theory. 

The brown dwarf desert. The disc fragmentation theory reproduces the lack of brown dwarf com- 
panio ns to Sun-like stars (in contrast to l ow-mass star companions and planetary companions; see Sec- 
tion 4, IStamatellos & Whitworthld2009al) ). It has also been arg ued that angular moment um conservation 
of prestellar cores favours the formation of wide companions d Jumper & Fished. 120121) in the turbulent 
fragmentation scenario. 

Low-mass binaries. The distribution of the projected separations of low-mass binaries peaks at 
~ 3 AU; close (sub-AU) and wide binaries (> 20 AU) are also common (see http:www.vlmbinaries.org). 
Low-mass b inaries tend t o hav e components with similar masses, but this may be due to observa- 
tional biases Janson et al. ( 20 12b. These trends are broa dly reproduced by th e disc fragmentation model 
Stamatellos & Whitworthl d2009aL The simulations of iBatd (Eo09b[ l2012h that combine different for- 
mation mechanisms (turbulent fragmentation, ejection, disc fragmentation) also reproduce the binaries 
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properties. This suggests that dynamical interactions may play a dominant role in forming binaries and 
shaping their properties, and that the effect of the formation mechanism is secondary. However, it seems 
unlikely that brown dwa rf- brown dwarf bina ries that are companions to Sun-like star form by dynamical 



interactions in a cluster (IKaplan et all 120121) . 



7 Examples of different mechanisms at play 



The recently observed isolated core Oph B-l 1 provides an example of turbulent fragmentation working 
in the brown dwarf-mass re gime. This is an isol ated core, with mass is ~ 15 — 20 Mj and size < 460 AU, 
that is gravitationally bound lAndre et al.l (120121) . This core will probably collapse to form a single brown 
dwarf. Another example o f brown dwarf formati on by turbulent fragmentation is the young wide brown 
dwarf binary FU Tau A,B iLuhman et al.l (120091) . The components of the binary have masses ~ 5 and 
^15 Mj. This pair is located in the Barnard 215 dark cloud and there is no higher-mass star nearby, in 
the disc of which the pair could have formed and then ejected. 

The HL Tau system provides a possible example of disc fragmentation. The system consists of a 
star with mass <~ 0.3 Mq that has a disc with mass ~ 0.2 M© and radius of > 100 AU. 1.3 cm VLA 
observations have rev ealed the presence of a condensation with mass ~ 14 Mj at distance of ~ 65 AU 
from the central star iGreaves et al.l (120081). Simulation s have shown that disc fragment ation may be 



responsible f or forming this obiect lGreaves et al.l (120081) . The planetary system of HR8799 lMarois et al 



d2008ll2010l) also provides a possible example of disc fragmentation. This is 4-planet system with four 
giant planets (each one with mass ~ 10 Mj) on wide orbits (15-70 AU) around a 1.5-M Q A-type star. 
These planets are unlikely to have formed by core accretion as they are relatively massive and orbit at 
large distances from the central star. 



8 Conclusions 



All formation mechanisms are probably feasible in nature and are likely to produce brown dwarfs and 
low-mass stars, even working in c onjunction with eac h other. This is evident in the hydrodynamic sim- 
ulations of cluster formation (e.g. Bate, l2009bl [20121). In simulations with no radiative transfer ~ 75% 
of brown dwarfs form by disc fra gmentation, a nd 25% in dense filaments caused by turbulence (with 
ejections happening in both cases; |BateJ,|2009bJ). In simulations wi th radiative transfer ^20% of brown 
dwarfs form by disc fragmentation, and ~ 80% in dense filaments ( lBateLl2012l) . How ever, these Simula 



tions d o not include the effects of episodic accretion that promote disc fragmentation |StamatejIos_etal 



(120121) . Thus, the actual fraction of brown dwarfs formed in discs could be between the previously 
mentioned limits (i.e. 20 — 75%). Therefore, it is important for star formation theories to determine the 
fraction of low-mass stars and brown dwarfs that form with different mechanisms and in what extent 
these fractions are affected by the environment and the physical processes involved in star formation. 
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